Abbreviations used in this paper: GCS = Glasgow Coma Scale; ICP = intracranial pressure; SDH = subdural hematoma; TBI = traumatic brain injury.
T raumaTic brain injury is the number one cause of death in trauma victims who reach the hospital alive. 1 Among this population, intracerebral hemorrhage, or "brain contusion," is a common finding. Contusions can range in appearance from the more solid hematoma to a classic salt-and-pepper appearance (Fig.  1) . They tend to show a progressive increase in mass effect on repeated imaging. [6] [7] [8] 15, [17] [18] [19] 21, 23 This change can be a result of expansion of the hematoma, appearance of perihematomal edema, or even the development of new lesions that were not present on initial scans (Fig. 2) . 20, 21 Several factors, including the severity of the injury, coagulopathy, the need for cardiopulmonary resuscitation in the field, old age, short duration between injury and the first CT scan, multiple hematomas, midline shift, and surgical decompressive procedures, have been associated with radiological progression. 11, 18, 23, 26 Although some authors have recently studied the progression of brain contusions and its predictors, few have examined the clinical relevance of progression, and very few management recommendations have been published based on available natural history data. As a result, there is wide variability internationally in the treatment of these patients, with some patients receiving several CT scans per day to monitor progression and others virtually none. In a systematic review of the literature on the value of routine CT scanning, Wang et al. 25 showed that indications for routine CT scanning remain unclear, and called for future studies that would stratify cases by severity of TBI, clearly define inclusion and exclusion criteria, quantify progression of injury on CT, and determine factors predictive of injury progression. The aim of the present study was to evaluate which factors best predicted radiological and clinical progression and the ultimate need for Object. Although brain contusions are a common neurosurgical condition, surprisingly little has been written about their natural history. The purpose of this study was to identify factors that predict radiological and clinically significant progression of this pattern of traumatic brain injury in patients who did not initially require surgery. On the basis of their results and the available literature, the authors suggest a management algorithm.
Methods. The authors performed a retrospective review of clinical and radiological records of consecutive patients with brain contusions who initially underwent conservative treatment. Significant radiological progression was defined as a 30% increase in contusion size on CT scans. Statistical analysis was performed to identify clinical and radiological predictors of CT contusion progression, the significance of progression, and predictors of clinical outcome.
Results. Of 98 patients identified with brain contusions who initially received conservative treatment, 44 (45%) had significant progression on CT, and 19 (19%) required surgical intervention. The initial size of the contusion and the presence of subdural hematoma were the only statistically significant predictors of CT progression in the multivariate analysis (p = 0.0212 and 0.05, respectively). Four patients required delayed contusion evacuation (3 had radiological progression on follow-up scans). Good Glasgow Coma Scale (GCS) scores on presentation and younger age were predictors of eventual discharge from the hospital (OR 1.471, CI 1.233-1.755, p < 0.001 and OR 0.949, CI 0.912-0.988, p = 0.011, respectively). No patients with an initial GCS score of 15 or an initial contusion size < 14 ml required delayed evacuation.
Conclusions. Contusion progression is a common phenomenon that is seen more commonly in larger contusions. Patients with large contusions and low initial GCS scores are at risk for delayed deterioration. A proposed management algorithm for patients with contusions initially treated conservatively may help practitioners identify the best course of treatment. (DOI: 10.3171/2009.5.JNS081369) surgical intervention and outcome in a group of patients with brain contusions who underwent conservative treatment initially.
Methods

Inclusion and Exclusion Criteria
We reviewed the records of all patients with history of trauma and CT diagnosis of cerebral contusion/traumatic intracerebral hemorrhage treated at St. Michael's Hospital (downtown Toronto adult trauma center) between May 2004 and June 2006. Patients were included if they had an initial CT scan at our institution that confirmed the diagnosis of contusion, received conservative treatment initially, and had at least 1 other CT scan during the acute hospitalization. Patients who underwent craniotomy after the first scan to address their contusions were excluded, as were those who were admitted but never underwent scanning or surgery during the hospital stay. Patients who were discharged home directly from the emergency department were also excluded. Patients who underwent external ventricular drain placement initially or in whom surgery was performed only for an extraaxial hematoma and not the contusion were included.
Data Collection
We collected relevant clinical data including results from presenting and follow-up neurological examinations, history of antiplatelet therapy, any intensive care unit or surgical intervention, and discharge disposition (death, home, rehabilitation, or long-term care facility). Investigation data included international normalized ratio, prothrombin time, activated partial thromboplastin time, and the characteristics of the initial and follow-up CT scans with timing of follow-up scans.
We reviewed all CT scans and calculated the size of the contusion hematoma volume using the formula ABC/2 where A, B, and C represent the largest dimensions of the hematoma measured at perpendicular angles to one another. This formula is easy to use and its accuracy has been validated. 14 For heterogeneous contusions with a salt-and-pepper appearance, the entire heterogeneous mass was measured. Contusions were also classified as lobar or deep. Frontal, temporal, parietal, or occipital contusions were considered lobar, whereas contusions in the diencephalon, brainstem, or cerebellum were classified as deep. Coexisting extraaxial hematomas were recorded. We also reviewed the radiologist's report in all cases to confirm the changes in contusion size.
Outcome Criteria
Three outcome measures were assessed, 1 radiological and 2 clinical:
Increase in Hematoma Size. A significant increase in contusion size was defined as an enlargement of ≥ 30% of the original hematoma size on CT studies. This criterion was chosen because a similar cut-off value was used previously in the literature. 18 Neurosurgical Intervention. Neurosurgical intervention was defined as the requirement for any one of the fol lowing: ICP monitoring, craniotomy and evacuation of hematoma, or decompressive craniectomy. We also re corded whether patients required a tracheosotomy, because this may reflect a poor short-term neurological recovery.
Discharge Disposition. Final neurological status (measured with the GCS) when leaving our institution was noted. The patient's discharge status was classified as to whether the patient was discharged home, or to another institution, or whether the patient died.
Statistical Analysis
Statistical analysis was performed using commercially available software (SAS 9.1.3 for Windows, SAS Institute). Descriptive statistics were generated for demographic data. The Pearson chi-square test was performed to examine the univariate association of radiographic contusion progression with any neurosurgical intervention, patient disposition, and the need for tracheostomy. Too few patients with contusions required evacuation to test significant statistical association between contusion progression and contusion evacuation. Student t-test was used to compare the mean GCS score at admission and discharge, and the mean GCS score change during hospitalization in patients who progressed and those who did not. Finally, multivariable logistic regression models were built using the Harrell method to determine independent predictors at admission of radiographic progression and patient disposition. The small number of patients undergoing surgical evacuation of their contusions prevented construction of a multivariate regression model to predict evacuation. Statistical significance was set at a probability value of 0.05.
Results
Patient Characteristics
Our initial search of patients with brain injuries admitted to our unit yielded 1154 patients, 98 of whom met our inclusion criteria. Demographic and baseline characteristics are shown in Table 1 . Seventy-nine patients were male (81%), and patient ages ranged from 17 to 86 years. The mean ± SD admission GCS score was 10.8 ± 3.8 with an average improvement to 13.8 ± 2.7. The average initial contusion volume was 14.4 ± 18.3 ml, and the median initial volume was 8 ml (1-92 ml).
Patient Outcomes
With respect to the outcomes of interest, 44 patients (45%) displayed radiographic progression on CT scans during their initial hospital course, and 19 (19%) required subsequent surgical intervention. There were slightly more patients discharged to another institution or who died than were discharged home (57 vs 43%). Only 10% of patients required a tracheostomy. Clinical and radiological outcomes are summarized in Table 2 . The timing of follow-up scans ranged from 5 hours to 4 days postinjury (Table 3) .
Radiographic progression of contusions was significantly associated with the need for neurosurgical interventions, excluding tracheostomy (p = 0.0291), but not with patient disposition (p = 0.7277) or the need for tracheostomy (there were too few patients to perform statistical analysis). There was no significant difference in the mean outcome GCS score in patients who had progression on CT compared with scores in patients who did not. The mean GCS score and mean change in GCS score over the hospital course was not statistically different between the patients with CT progression and those without.
Multivariable logistic regression models were developed to search for independent predictors of radiographic progression and patient disposition. The volume of the contusion at admission and the presence of SDH were the only independent predictors of radiographic progression (p = 0.0212 and 0.05, respectively; Table 4 ). Extradural hematoma and subarachnoid hemorrhage were not predictors of radiological progression.
Finally, presentation GCS score independently predicted the probability of being discharged home in mul tivariate analysis (OR 1.471, 95% CI 1.233-1.755; p < 0.001). Patient age similarly predicted disposition although less so than presentation GCS score (OR 0.949, 95% CI 0.912-0.988, p = 0.011; Table 5 ).
Delayed Surgery Group
Initial conservative treatment failed in 19 patients, and delayed surgery was required (Table 6 ). Only 2 patients with initial GCS scores > 13 required delayed surgery (both had GCS scores of 15). In these 2 patients, the contusions were < 10 ml, and repeated scans showed no change in contusion size. Both patients underwent craniotomies for enlarging epidural hematomas during the first 48 hours and were eventually discharged home from the hospital. No patient who required delayed contusion evacuation had an initial GCS score > 13.
In the other 17 patients who required delayed surgery, 7 had only ICP monitor insertion and 10 patients had craniotomies (in 2 of these the bone flap was not replaced). Four of the craniotomies were done for evacuation of ei- ther the brain contusion alone or the brain contusion and extraaxial hematoma. The remaining craniotomies were done for extraaxial hematomas in 5 patients, and elevation of depressed skull fracture in 1.
Four patients had contusions that required evacuation. The contusions ranged in size from 14 to 92 ml, and initial GCS scores in these patients were 9-13. All 4 patients underwent surgery within the first 48 hours of hospital presentation. Three had significant contusion progression and 1 had no progression. However, in this patient the coexisting SDH had increased in size and the treating neurosurgeon decided to evacuate the SDH and underlying contusion. All the contusions that required delayed surgery had coexisting SDHs.
Discussion
Radiological Progression
The results of our study demonstrated that about half of contusions managed conservatively would progress radiologically over time in hospital. This is similar to the rates of progression reported by other authors: 51% by Oertel et al.,
18 44% by Stein et al., 23 and 51% by Narayan et al. 17 However, our results were higher than the 16.4% reported by Yadav and colleagues 26 and 38% reported by Chang et al. 7 On average, the criterion for radiological progression used by Yadav and colleagues demanded approximately a doubling in contusion size. This strict criterion would explain the lower rate of progression in that study. In contrast, Chang et al. reported mostly small contusions ≤ 1 ml, which may explain the apparently more benign behavior of contusions in their series. We used a cut-off value for significant clinical progression of 30%. Oertel and associates used a criterion of at least 25% increase in hematoma dimensions. Using strict criteria such as a 30% enlargement to define radiological progression minimizes potential errors in identifying contusion progression, given the potential difficulties that can arise with repeated imaging because of different angulation of CT scan cuts across the contusion and across different CT scanners within a single institution or at several institutions. We suggest that future studies should use a similar percentage criterion.
We found that initial contusion size and the presence of a coexisting SDH were the only statistically significant predictors of CT progression (p = 0.0212 and 0.05, respectively). The direct correlation between the initial size of contusion and progression has been shown by other authors. 7, 8 The association between SDH and contusion progression has also been reported before. 7 One potential explanation is that some of these SDHs might be secondary to a burst lobe from an underlying large contusion that is more likely to enlarge. Our sample size, the strict criteria we used for a relevant enlargement of the contusion, or the inclusion and exclusion criteria may have limited our ability to identify other factors like antiplatelet therapy and coagulopathy as significant predictors of progression.
Understanding the clinical significance of this radiological phenomenon and its impact on treatment in these patients is important because not all patients with radiological progression show clinical deterioration or require surgical intervention. Patients with radiological progression in our series were more likely to require delayed surgical intervention consisting of intracerebral pressure monitor insertion or craniotomy (OR 4.254, 95% CI 1.159-15.623, p = 0.0291). In reviewing the charts of the 4 patients who underwent delayed contusion evacuation, we noted that 3 showed radiological contusion progression.
The association between radiological progression and a worse outcome has been previously reported. In the early 1990s, Stein et al. 23 demonstrated that radiological progression of traumatic lesions is associated with a worse outcome, a correlation also found in later series. 8, 19 The insensitivity of CT progression in predicting discharge outcome could have been the result of our small sample size, confounding factors, or an inadequate cut-off point for important progression.
In the present study, a poor GCS score and older age on presentation were inversely related to the chance of going home from the hospital (OR 1.471, CI 1.233-1.755, p = 0.001 and OR 0.949, 95% CI 0.912-0.988, p = 0.0110, respectively), in keeping with the literature as known prognosticators of a poor outcome. 2, 3 From our analysis of the charts of patients who underwent delayed surgery, at least 3 important conclusions can be drawn about the need to perform surgery in patients with contusions who initially undergo conservative treatment. First, our data indicate that small contusions are less likely to enlarge and subsequently require surgical intervention. No patient with a contusion < 14 ml needed delayed evacuation. This finding indicates that routine extensive resource utilization such as repeat CT scanning and prolonged intensive care unit stay for patients with contusions < 10 ml is unlikely to change treatment with respect to surgery, suggesting that this practice needs critical reevaluation.
Our findings still suggest that patients who present in good clinical condition with brain contusions initially must be assessed and reassessed clinically. Dunn and colleagues 10 showed that 7.8% of patients who scored 3 or higher on the verbal component of the GCS at admission died. Those who were verbally responsive at admission but later died were older, had more severe extracranial injuries as reflected by the injury severity scale score, a worse abbreviated injury score for the head region, a more altered level of consciousness, and reached the operating theater more quickly than those who survived. Extraaxial hematomas and multiple intracranial pathological conditions were also more frequent in those who died than in those who lived. Dunn et al. described a subset of patients who, despite speaking at one point, deteriorated rapidly and irreversibly despite rapid operative treatment. It was thought that advances in head injury care and trauma care were unlikely to be of benefit in those patients with "malignant intracranial hematoma." Narayan et al. 17 reviewed their experience with 56 patients with contusions. Five patients needed evacuation after initial conservative management, and all of them had initial contusion size > 5 ml. Our findings and those of Narayan et al. are at odds with those of Chang et al., 7 who found that 6 of the 10 patients in whom initial conservative treatment failed had initial contusion sizes of 1 ml. The series by Chang et al. included 1 patient who underwent evacuation for a cerebellar hemorrhage of 1 ml and another patient who had surgery for a frontal contusion with an initial size of 1 ml that progressed to a total size of 4 ml. Because these contusions seem smaller than what would be generally considered to require surgery, 5 a detailed individual review of these cases is needed to exclude idiosyncratic factors unrelated to contusion size that led to surgery in these patients.
The second conclusion from our study is that contusion progression is more likely to happen in the first 2 days after the injury. No patient required delayed contusion evacuation after the first 48 hours. Narayan et al. 17 also found that deterioration most often occurs early after injury. The association between radiological progression and shorter time between injury and initial scan 18 also supports this conclusion. Thus, intensive monitoring for most patients beyond that point is unlikely to be very fruitful if the patient has been radiologically and clinically stable to that point.
The last conclusion with respect to surgery for this population is that all patients with contusion who eventually required evacuation of the contusion had abnormal GCS scores on presentation. Although 2 patients with normal GCS scores required evacuation of epidural hematomas, no patient with a normal GCS score and a brain contusion alone required evacuation. In addition, every patient who required contusion evacuation also had an associated SDH. This suggests that patients with low GCS scores and those with extraaxial hematomas warrant more intensive vigilance, whereas those with normal GCS scores without extraaxial hematomas are less likely to benefit from resource-intensive vigilance.
Management Algorithm
One aim of our study was to use our findings and prior reports in the literature to develop a management algorithm to assist in the management of brain contusions because unguided routine serial CT scanning has been shown to have no effect on patients' treatment. 4, 9, 13, 24 Although such algorithms would ideally arise from highlevel clinical evidence such as randomized controlled trials, it is unlikely that such data will arise in the near future. One purpose of suggesting an algorithm at this stage is to stimulate discussion among neurosurgeons internationally as to the optimal treatment for these patients and to stimulate well-designed prospective studies. Given the resources involved in caring for patients with brain contusions, such an algorithm has the potential to guide limited resources to areas where they are most likely to have a significant impact. Although such an algorithm may have more relevance in lower-income countries, it would also apply to any middle-or high-income nation with a limited resource base.
No management algorithm will apply in every situation: every set of data, including ours, has limitations. Algorithms do not replace good clinical judgment in individual cases, and surgeons must act when action is required. However, there appears to be a convergence of results from a number of studies at the present time indicating that small contusions in patients with a good initial GCS score and the absence of clinical deterioration in the first 48 hours are very unlikely to progress to require surgery. Stein et al. 22 studied the cost-effectiveness of a model comparing the strategy of routine serial scanning with that of awaiting clinical deterioration before repeating the CT scan in patients with mild TBI and an intracranial abnormality. They demonstrated that the routine serial scanning model had only slightly more effectiveness at a higher cost only in 20-year-old patients. The cost-effectiveness of the strategy declined exponentially as the patient age increased. The results of our study give support to using a less resource-intensive approach in the younger patient with an isolated small brain contusion and stable clinical condition. Our data suggest that older patients with worse GCS scores, and those with large contusions and SDH are most likely to progress, and may warrant a more resource-intensive monitoring strategy that includes repeated CT scanning and intensive nursing supervision. Figure 3 shows a suggested management algorithm for the care of adult patients with brain contusions. Supplementing this algorithm with ICP monitoring and measuring the trends in serum levels of biomarkers of brain injury 12 may add to the sensitivity of this algorithm in identifying patients at risk for further deterioration and in predicting outcome. The use of serum biomarkers in this context remains, however, largely experimental, and further validity studies will be necessary before their incorporation into any management algorithms, particularly those in which serial CT scanning is avoided. The authors of future studies should also assess the validity and cost-effectiveness of such an algorithm.
The limitations of our study include its retrospective design, and therefore its lack of a consistent protocol for the timing of CT scans after admission. This may have influenced our ability to detect radiological progression. However, Narayan et al., 17 working with a very strict prospective protocol in a well-funded multicenter study, could only recruit 63 patients and, therefore, had limited external validity. Despite this, their conclusions were similar to ours. Thus, we see a value in the retrospective results involving a larger number of patients presented here. Another limitation of our study is that it represents a subset of all patients presenting with brain contusion. We excluded patients whose clinical condition was such that the patient obviously required immediate surgery for significant mass effect or were moribund and expected to die. We also excluded patients with contusions so small that the involved clinicians judged it unnecessary to repeat their CT scans. We only included patients about whom clinicians had some clinical or radiological concern and so decided to repeat brain imaging. This makes it quite distinct from other studies in the literature that were frequently only radiological in nature. Using these criteria may have limited the statistical power of some of our statistical analyses, but ensured that we had repeated brain imaging in patients with moderate-sized contusions that had a potential for various outcomes. Another limitation of our study relates to our outcome variables and their short-term nature. Finally, our data are limited to adults and so cannot be applied in children with brain contusions. Future studies should address present and past limitations, and also include international data on cost-effectiveness.
Conclusions
Progression of brain contusion on CT scans is a com- mon finding, and larger contusions at admission are more likely to progress. Patients with a poor initial GCS score and large contusions are at an increased risk of requiring delayed surgical intervention. Routine serial imaging for patients with small contusions and normal GCS score is less likely to alter their management, especially beyond 48 hours. Larger prospective studies that include analysis of the cost and benefit of intensive monitoring and imaging paradigms are required.
